Subcellular distribution of mitochondria in neurons is crucial for meeting the energetic demands, as well as the necessity to buffer Ca 
parkin are the most common cause of autosomal recessive, earlyonset familial form of PD and have been found to lead to dramatic effects on mitochondrial morphology, quality control and functionality in both human and diverse model organisms. [7] [8] [9] [10] PINK1 has a mitochondrial targeting peptide, while the mature protein has been shown to localize both to mitochondria and cytosol. [11] [12] [13] [14] On the outer mitochondrial membrane, PINK1 kinase activity recruits Parkin from the cytosol and triggers the autophagy of damaged mitochondria. 15 recently demonstrated in human cell models that under mitophagic stimuli, PINK1 relocalize at MAM and may promote ER-mitochondria tethering. Mutations in the DJ-1 gene are another cause to autosomal recessive inherited parkinsonism. 22 DJ-1 is an ubiquitously expressed redox protein involved in several cellular signalling pathways and transcriptional regulation. [23] [24] [25] [26] [27] Exposure to mitochondrial toxins or oxidative stress triggers the translocation of DJ-1 protein to mitochondria 28, 29 activating different neuroprotective mechanisms. 28, 30, 31 Furthermore, overexpression of Parkin 32 or DJ-1 33 showed an increased ER-mitochondria interaction, 20 whereas DJ-1 loss-of-function induces ER-mitochondria Ca 2+ transfer, affects ERmitochondria tethering 33 and interferes with mitochondrial fusion and fission. 34 Mitofusins (Mfn) and optic atrophy 1 (Opa1) regulate fusion of the outer and inner mitochondrial membranes (OMM, IMM), respectively, whereas Dynamin-related protein 1 (Drp1) and mitochondrial fission 1 protein (Fis1) coordinates mitochondrial division (reviewed in Ref. [35] ). We and others have shown that a decreased rate of fusion in human PINK1 and DJ-1 deficient cells can be reversed by Drp1 downregulation which highlights the relevance of mitochondrial dynamics for PD neuropathology. 25, [36] [37] [38] There is no doubt that the cell type or model organisms used. 39 Mitochondrial motility is an important feature for neurons and especially in the highly branched and energy demanding neurons of the substantia nigra. 40 In the same manner as for the role of PINK1 in mitophagy and mitochondrial dynamics, previous reports on the role of PINK1 in mitochondrial motility show conflicting results depending on the model used. 17, 18, 41 Our aim with the current study is to explore the effects from PINK1 or DJ-1 knockdown on mitochondrial motility in a 
| Immunocytochemistry
Cells were differentiated on Matrigel (BD Biosciences, San Jose, CA, USA)-coated glass cover slips and stained with Mitotracker Orange (Invitrogen) according to manufacturer's instructions followed by fixation with ice-cold 99.8% methanol (Sigma-Aldrich) on ice. Cells were permeabilized with 0.1% Triton X-100 in 1× PBS for 10 minutes and then blocked in 5% BSA and 2% goat serum (Sigma-Aldrich) diluted in 0.1% Triton X-100 in 1× PBS for 1 hour at room temperature.
Probing with primary β-actin antibody (1:500; Sigma-Aldrich) was over-night at +4°C. After repeated washing, cells were incubated for 1 hour with secondary AlexaFluor488 conjugated anti-rabbit IgG and DAPI (1:500 and 1:1000 respectively, Invitrogen) followed by repeated washing steps and mounting on glass slides with ProLong antifade mounting medium (Invitrogen).
Images were captured using an inverted Laser Scanning Microscope (LSM 510 META; Zeiss, Oberkochen, Germany).
| Subcellular fractionation
Cells were lysed in lysis buffer (20 mmol/L Tris-HCl, 137 mmol/L NaCl, 2 mmol/L EDTA, 2 mmol/L EGTA 2% Nonidet P-40, 2% Triton-X100
supplemented with protease and phosphatase inhibitor cocktails from Sigma-Aldrich). Mitochondrial fractions from undifferentiated cells were purified using a mitochondria isolation kit for cultured cells (Pierce, Rockford, IL) according to the manufacturer's instructions and were subsequently suspended in ice-cold lysis buffer followed by 1 second ×10 sonication pulses at 14 μm.
The subcellular fractionation from mouse brain tissue into MAM, plasma membrane (PM), ER, and pure mitochondria fraction was performed by a method established previously in our lab. 42 
| Western blotting
Protein extraction was quantified using the BCA protein assay kit (Pierce). Equivalent amounts of protein were separated using 10% acrylamide gels and were transferred to a nitrocellulose membrane (Whatman, GE Healthcare Group, Uppsala, Sweden).
Primary antibodies were used at the following concentrations:
GSK3β-Phospho-Serine9, 1:1000 (Cell Signaling, Danvers, MA), TOM20, using Image J where contents from 120 images were quantified from two independent experiments. ER-mitochondria contacts was exclusively measured in mitochondria showing the whole organelle. In the analysis, ER-mitochondria contacts was considered to be formed when the distance between the two membranes was ≤30 nm.
| Statistical analyses
Non-parametric group comparisons of means were performed using Mann-Whitney test, as specified in the legend of each figure. The null hypothesis was rejected at P-value < 0.05. All statistical computations were carried out using GraphPad Prism Software, Version 5.0 (http://www.graphpad.com/prism/Prism.htm). Data values are expressed as mean ± standard error mean.
| RESULTS

| Downregulation of PINK1 or DJ-1 does not affect neuritic length nor mitochondrial features in differentiated cells
We first aimed at evaluating our RA/BDNF differentiated human cell Quantification of the number of mitochondria normalized to μm neurite length from five independent experiments showed that mitochondrial distribution was equal between cell lines and was not affected by Drp1 siRNA transfection (E). Mitochondrial length expressed as ratio to control shRNA transfected with control siRNA showed no differences between cell lines (n = 3) (F). Data expressed as means ± SEM using Mann-Whitney test (*P < 0.05) extended neurites without PINK1 or DJ-1 visibly interfering in the differentiation process ( Figure 1A ,C). Stable PINK1 shRNA expression result in 16% mRNA reduction in M17 cells 38 followed by 30% of protein reduction, whereas DJ-1 shRNA yielded no visible protein band ( Figure 1B ). We previously demonstrated that the knockdown of Drp1 prevents the mitochondrial fragmentation associated with loss of PINK1 expression. 38 Here, we performed co-transfections with Mito-DsRed2 in combination with either control siRNA or Drp1 siRNA in differentiated cells to determine the length of mitochondria along the neurites. Figure 1D shows representative pictures of neurites from three independent experiments. The fluorescently labeled mitochondria (black spheres) were counted and measured for each neurite and normalized to the neuritic length in μm. Neither PINK1 or DJ-1 stable knockdown or transient Drp1 silencing alter mitochondrial density along the neurites ( Figure 1E ). Mitochondrial length in neurites was also found to be similar between cell lines and was not affected upon Drp1 downregulation ( Figure 1F ).
| The frequency of mitochondrial motility was reduced in human PINK1 and DJ-1 knockdown cells
Recent studies show that PINK1 has an important role in mitochondrial motility in neurons. 17, 18, 41, 44 However, to our knowledge, mitochondrial motility have not been studied in human PINK1 and DJ-1 knockdown cells exposed to Drp1 siRNA. Since we and others have previously shown that either PINK1 and DJ-1 depletion in a similar manner disrupt mitochondrial morphology that could be rescued by Drp1 siRNA, 25 we were interested in investigating mitochondrial protein Miro1 for degradation by parkin, 18 we next analysed the levels of Miro1 in our cells. PINK1 depletion resulted in a significant increase of Miro1 levels in our model (P < 0.001; Figure 2E ).
| Level of GSK-3βSer9 is increased in the mitochondria of PINK1 deficient cells
In an attempt to search for a common mechanism linking deficient motility with PD mutations, we investigated if proteins relevant for calcium and mitochondrial motility was altered in mitochondrial fractions from PINK1 or DJ-1 depleted cells. Glycogen synthase kinase-3β (GSK3β) is a key serine/threonine protein kinase for multiple mitochondrial functions such as biogenesis, bioenergetics, permeability and motility (for review, see Yang et al 45 ). We evaluated whether the loss of PINK1 and DJ-1 may modulate GSK3β activity in whole cell lysates (total fractions) and mitochondrial fractions using Western blot analyses. As shown in Figure 3A , PINK1 deficient cells had increased levels of inhibitory phosphorylation of GSK-3β in the mitochondrial fraction, whereas total lysates showed no differences among cell lines. No changes in GSK3β-Ser9 levels were seen in the mitochondrial fraction of DJ-1 shRNA cells. TOM20 (mitochondrial import receptor subunit) and β-tubulin levels were used as control for mitochondrial purification and loading for total fractions, respectively. These data indicate that loss of PINK1 leads to an inhibitory state of GSK-3β at the mitochondrial compartments by phosphorylation of serine-9.
| Increase of mitochondrial Ca
2+ efflux in PINK deficient cells exposed to CCCP
Previous studies in other models show that PINK1 downregulation leads to an accumulation of calcium in the mitochondria. 46, 47 As a result of the fact that GSK3β Ser9 levels has been shown to block the permeability trasition pore and thus impair calcium buffering we investigated whether the increased levels of GSK-3βSer9 found in and after mitochondrial depolarization by 1 μmol/L CCCP. Maximum levels after CCCP exposure were determined by taking the mean from 10 s at the highest 405/ 495 peak (C). Data expressed as means ± SEM of ratio between the 405 and 495 nm emissions of six independent experiments using Mann-Whitney test (***P < 0.001) 0.5 second after 10 seconds of incubation. Figure 3B show the ratio of Indo-1 signals (R 405/495 ) in PINK shRNA cells and control shRNA cells exposed to 1 μmol/L CCCP (mitochondrial uncoupling agent). As shown in Figure 3C , an increase in 405 nm simultaneously followed by a decrease in 495 nm emission in PINK1 knockdown cells resulted in a significantly higher intracellular release of Ca 2+ after uncoupling of mitochondria with CCCP compared to control (P < 0.001).
| Downregulation of PINK1 or DJ-1 proteins results in impaired connectivity between ER and mitochondria
The elevated mitochondrial calcium release seen in PINK1 deficient cells proposes that there is an imbalance in the calcium handling.
The possible explanations to this imbalance may be that PINK1 knockdown impair cytosolic calcium buffering via the uniporter, or that there is an imbalance in the ER-mitochondria calcium shuttling system. Basal cytosolic calcium was not altered in the PINK1 knockdown cells. Therefore, we thought that the calcium shuttle from ER may be impaired in these cells. Electron microscopy images of control, PINK1 and DJ-1 shRNA undifferentiated cells were quantified with regards to the number and length of ER-mitochondria contacts.
PINK1 and DJ-1 deficient cells showed higher number of mitochondria without ER-contacts ( Figure 4A ) and significantly lower number of ER-mitochondria contacts ( Figure 4B ). The mitochondrial length quantified in the EM micrographs was significantly shorter in PINK1
and DJ-1 shRNA cells than in control cells ( Figure 4C ), however the length of ER-mitochondria contacts was significantly longer in PINK1
shRNA cells ( Figure 4D ).
| DISCUSSION
Mitochondrial tubular anchorage and transport are necessary for mitochondrial fusion 48 and it has been reported that the retrograde transport motor dynein can inhibit mitochondrial fission and redistribute mitochondria from the axon to the soma. 49 Thus, there are important links between mitochondrial dynamics and transport. We and others have previously reported a decreased rate of fusion in human PINK1 and DJ-1 knockdown cells and that this phenotype can be reversed by downregulating the fission protein Drp1. 25, [36] [37] [38] In the current study, we investigate how PINK1 or DJ-1 knockdown affect mitochondrial transport in a human, RA/BDNF differentiated neuroblastoma model. Simultaneously, we explored the potential consequences of PINK1/Drp1 or DJ-1/Drp1 double knockdown.
In our hands, we did not detect any differences in the size or distribution of mitochondria along the neurites when downregulating PINK1 or DJ-1, neither was there any effect on dendrite outgrowth nor were there differences in any of the above mentioned aspects for the double knockdown with Drp1 siRNA. In line with this finding,
another research group has shown that both Drp1 protein levels and activity do not alter neurite outgrowth in PINK1 knockdown cells. 44 In contrast with the unaffected neuritic mitochondrial length, undifferentiated cells lacking PINK1 or DJ-1 had significantly shorter mitochondria compared to control which is in line with previous data from us and others. 25, 38 This compartmental difference between cell body and axons was also observed in a recent in vivo study by Devireddy et al 41 where the authors demonstrate that PINK1 regulates mitochondrial motility in axons and mitochondrial morphology in the cell soma, but not fusion or turnover in axons of mature neurons. It is likely that this difference in mitochondrial length between cell body and neurite seen by us and others could be a consequence from mitochondrial turnover mostly occurring in the soma. Mitochondrial length is significantly reduced in PINK1 and DJ-1 undifferentiated cells (D). The mean length of each contact was found to be significantly increased in PINK1 shRNA cells compared to control shRNA (E). Data expressed as means ± SEM using Mann-Whitney test (*P < 0.05, **P < 0.01, ***P < 0.001) mitochondrial movement or density in dendrites of mouse PINK1 deficient neurons. 44 The motor protein kinesin, involved in the anterograde transport towards the synapse is regulated by the serine/threonine kinase Taken all together, our results demonstrate that the frequency of mitochondrial movement in the neurites of differentiated cells is reduced as a result of either PINK1 or DJ-1 lack of function that also have an impact in the ER-mitochondria apposition. This could be one 
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